We examine the decays of nonstrange baryons to the final states ∆π, N ρ, N η, N η ′ , N ω, N 1 2 + (1440)π, and ∆ 3 2 + (1600)π, in a relativized pair-creation ( 3 P 0 ) model which has been developed in a previous study of the N π decays of the same baryon states. As it is our goal to provide a guide for the possible discovery of new baryon states at CEBAF and elsewhere, we examine the decays of resonances which have already been seen in the partial-wave analyses, along with those of states which are predicted by the quark model but which remain undiscovered. The level of agreement between our calculation and the available widths from the partial-wave analyses is encouraging.
I. INTRODUCTION
The N * program at the Continuous Electron Beam Accelerator Facility (CEBAF) is designed to study many interesting aspects of the spectrum and decays of baryon states. It contains, among others, experiments to search for the so-called missing non-strange baryons, to examine the structure of the Roper resonance [N * (1440)], the Λ(1405) and other low-lying resonances, to search for exotic states, and to study the couplings of nucleons to strange matter.
Most of these experiments are planned for CEBAF's Hall B, where the CEBAF Large Acceptance Spectrometer (CLAS) will be located. The design goals of the CLAS include good momentum resolution (typically δp/p ≈ 1%), which is necessary for missing mass measurement of particles like π 0 , η and ω. This detector also allows good particle identification so that electrons, pions, kaons, protons and deuterons can be separated, as well as neutrals such as photons and neutrons.
Some of these experiments, in particular [1] , will examine the process γp → pπ + π − , with the analysis focusing on γp → ∆ ++ π − , γp → ∆ 0 π + , and γp → pρ 0 . This experiment proposes to search for new (missing and undiscovered [2] ) resonances with masses between the ∆π threshold (1.3 GeV) and 2.3 GeV. There are other experiments that propose to search in other channels. These include one [3] which will focus on the decays of such states to Nη, one [4] which will examine the Nη and Nη ′ channels, and one [5] which proposes to measure Nω decays. The three channels Nη, Nη ′ and Nω offer the advantage of being isospin selective, in that only I = A detailed understanding of baryon physics will also be required for interpretation of the results of many other CEBAF experiments. Some examples are experiments to study the electroproduction of the ∆(1232) [6] , the production of baryon resonances at high momentum transfer [7] , and experiments which will determine the polarized structure functions of the nucleon by electroproduction of ∆(1232) and N 1 2 + (1440) [8] . While this list is by no means representative or exhaustive, it should illustrate the pivotal role that baryon physics will play in the CEBAF experimental program.
In view of this proposed program, we believe it is important to focus some attention on models of baryon physics which are capable of providing detailed information pertinent to these experiments. In an earlier article [9] we reported on a study of the baryon spectrum which focused on the Nπ couplings of baryon states. Our purpose there was twofold: to test an existing model of the baryon spectrum [10] by looking more carefully at its predictions for the strong decays; and to investigate a previously proposed solution to the problem of the missing baryons [11] .
Our conclusions were (i) that the model works quite well in describing the Nπ decays of baryon resonances, and (ii) that, as suggested in [11] , the missing baryons consistently couple weakly to the Nπ channel, and so should be sought elsewhere. We were also able to identify aspects of our model which could be improved.
One possibility for producing the missing baryons is to use photons or electrons incident on nucleon targets. The photo-and electroproduction amplitudes of baryon resonances have been recently examined in this model framework by one of us [12] . Complementary to the work of Refs. [9] and [12] is an examination of the strong couplings of the non-strange baryons to decay channels other than Nπ. The motivation for such a study should be clear from the above description of some aspects of the CEBAF N * program; baryon resonances produced in the photo-or electroexcitation of a nucleon must decay, and while some of these states will decay to Nπ, other channels must be explored for the missing resonances. In particular, channels with more than a single daughter pion may offer some of the best opportunities for their discovery.
The multi-pion final states we study are those in which the extra pion(s) result from decay of a baryon resonance to the so-called quasi-two-body final states Nρ, ∆π, N + (1600)π. In addition, we examine the Nη, Nη ′ and Nω channels, which will also receive experimental attention in the CEBAF program.
The study of baryon spectroscopy and decays has a long history; it is clear that we cannot refer to every article in the vast literature on these topics. Instead, we mention a few of the more recent papers that deal with the decays which we discuss here. A more complete list of references can be found in Refs [9] and [10] . Using an elementary pseudoscalar emission model, Koniuk and Isgur [11] discuss the Nπ, ∆π and Nη decay channels, as well as the ΛK and ΣK channels. Similar work has been done by Blask et al. [13] . Koniuk [14] has also examined Nρ and Nω decays in the approximation of treating the ρ in the narrow-width limit. In a series of articles, Stancu and Stassart use a flux-tube-breaking model to discuss decays to the Nπ [15] , Nρ [16] , and Nω [17] channels. We have chosen not to examine the channel in which the ππ pair are in a relative S-wave, with total isospin zero; Stassart [18] has modeled such decays by treating the ππ pair as resulting from a σ pseudo-resonance with a mass of about 600 MeV.
This article is organized as follows. In the next section we briefly recap the model used to describe the strong decays, and discuss our treatment of quasi-two-body decays. In section III we present our strong decay amplitudes for the ∆π, Nρ, N
A. The Model
The models we use to obtain the baryon spectrum and strong decay amplitudes are described in some detail elsewhere [9, 10, 21] . For completeness we outline these very briefly here. The baryon spectrum is obtained by solving a Schrödinger-like equation in a Fock space consisting solely of valence quarks. The Hamiltonian used is
where V is a relative-position and relative-momentum-dependent potential which includes the usual confining, Coulomb, hyperfine and spin-orbit terms. Wave functions are expanded in a large harmonic oscillator basis, and a diagonalization procedure is used to find the energy eigenvalues. One consequence of the procedure is that none of the terms in the Hamiltonian are treated as perturbations. As discussed in [9] , this has a profound effect on the wave functions obtained.
The spectrum that results is comparable to those obtained using other methods, including the simpler, non-relativistic approaches, but the wave functions we use here have been obtained using a more consistent treatment of all the terms in the Hamiltonian. Furthermore, the model is extended, with perhaps surprising success, to the description of many of the higher lying states.
The strong decays of baryons are treated in a version of the pair-creation model, specifically the 3 P 0 model. Our ansatz for the pair creation operator is
i,j dp i dp j δ(
Here, C ij and F ij are the color and flavor wavefunctions of the created pair, both assumed to be singlet, χ ij is the spin-triplet wavefunction of the pair, and Y 1 (p i − p j ) is the vector harmonic indicating that the pair is in a relative p-wave. Using the wavefunctions described above, we evaluate the decay amplitude for the process A → BC as M =< BC|T |A > . In this form the model has one parameter, which is the pair creation constant γ.
B. Quasi-Two-Body Decays
In our previous treatment of the two-body decays A → BC, the decay widths were obtained from the amplitudes calculated in the 3 P 0 model by using
where k is the momentum of either daughter hadron in the rest frame of the parent, and M(k) is the decay amplitude calculated in the 3 P 0 model. This eventually leads to
and in our version of the model we make the replacements
M a , whereM a ,M b andM c are the masses of these states in the weak-binding limit.
We now turn our attention to the quasi-two-body decays of the baryon resonances, i.e. the decays of the type A → BC, with the subsequent decay of one of the daughter hadrons, B, say, as illustrated in Figure 1 . One could use the prescription described above, which amounts to the narrow width treatment of both daughter hadrons. Indeed, this has been done by Koniuk and Isgur [11] in their discussion of ∆π decays, as well as by Koniuk [14] in his treatment of Nρ final states. The treatment of some final states in the narrow-width limit may, however, paint a somewhat inaccurate picture of couplings, particularly for states with masses near the threshold of the decay channel under consideration. For instance, the nominal mass of the N Our approach is to take the width of the daughter hadron into account by replacing the Dirac δ-function in Eq. (3). One may regard the δ-function as arising from the narrow-width limit of the energy denominator
where ε is related to the total width of the 'unstable' final state. For daughter hadrons that are broad, the energy denominator becomes
implying the replacement
The decay rate for A → (X 1 X 2 ) B C then generalizes to [22] 
where Γ t (k) is the energy-dependent total width of the unstable daughter hadron, B in this case. Our prescription for this quantity depends on the daughter hadron being studied. branching fraction of about 70% to Nπ, we write
where Γ 0 is the total width of the Roper at the pole position. The first term is the energydependent Nπ width of the Roper, calculated in the 3 P 0 model. The second term is the width of the Roper for decays into other final states such as Nππ. Here k 0 is a reference momentum, chosen to be the momentum of the ∆ in the ∆π decay of the Roper measured in its rest frame, and κ is a phenomenological constant, chosen to be 0.35 MeV. The power 2ℓ + 1 represents the dependence of the energy-dependent width on angular momentum, and is chosen here to be unity. We note that the results we present are largely insensitive to changes in κ, ℓ, and k 0 , nor are they overly sensitive to the inclusion of the second term in Eq. 9.
The variable of integration in the expression above is k, the magnitude of the threemomentum of the daughter hadron B. In the rest frame of A, this ranges from k = 0 (X 1 and X 2 back-to-back, with q 1 = −q 2 ) to k max (X 1 and X 2 colinear). These limits
the momentum-dependent effective mass of daughter hadron B.
In what follows we present decay amplitudes for decays to ∆π, Nρ, Nη, Nη ′ , Nω, + (1600)π. For most of these channels we use the prescription described above. For Nη and Nω, the unstable daughter hadrons are sufficiently narrow that we ignore their widths. This is because a total width of less than 10 MeV is well within the expected accuracy of the model, so that such states may be safely treated as being narrow.
We end this subsection with a comparison of the method we use for treating quasi-twobody decays with other prescriptions found in the literature. In their treatment of Nρ decays, Stancu and Stassart [16] use the prescription of Cutkosky et al. [23] by including a relativistic Breit-Wigner mass distribution σ, and integrating over the mass of the ρ. Their width to Nρ is then
and where
is the energy dependent width of the ρ. This last form is suggested by Gottfried and
Jackson [24] , with
, and where k(m 2 ρ ) is the relative momentum of the pions in the decay ρ → ππ. We have compared the results of using this prescription to our results, and find no significant differences.
C. The Parameters
The parameters of the model are the pair-creation strength γ, and the gaussian parameters of the meson and baryon wave functions. For consistency, the parameters that this work has in common with Ref. [9] have not been changed from the values used there, so that γ = 2.6, and the gaussian parameters α of all baryon wave functions are set to 0.5 GeV (a common value is necessary in a decay calculation in order to maintain orthogonality of the initial and final baryon wavefunctions). In addition the corresponding parameters for all the mesons are set to β=0. 4 GeV.
An additional parameter for this work is κ, discussed in the previous subsection. However, as mentioned there, the results that we present are largely independent of κ; we use a value of 0.35 GeV.
III. RESULTS
Our results are presented in the form of several tables. In order to list as many of our results as possible in a form that makes various comparisons relatively easy to carry out, these tables are necessarily dense; accordingly we have included the following guide to their organization. [19] , along with the Particle Data Group [20] name, Nπ partial wave, star rating, and Nπ amplitude for this state. In all cases, the predicted Nπ amplitudes in the first row are the same as in Ref. [9] , reproduced here for ease of comparison. The association of a given state from the partial-wave analyses with a model state in our tables is designed to make explicit our assigment of model states to established states.
For all but the Nπ channels, we give the sign of the amplitude along with its magnitude.
This sign must be understood as the sign relative to the unmeasurable sign of the Nπ production amplitude. In other words, the signs presented with our model amplitudes are the product ζ N π ζ BM of the sign for the Nπ entrance channel times that of the decay channel being considered (one can extract the sign for the amplitude with the γN entrance channel by taking the product of the sign ζ γN ζ N π for the photocoupling amplitudes from Ref. [12] and the signs in the tables in this paper).
All theoretical amplitudes are also given with upper and lower limits, along with the central value, in order to convey the uncertainty in our results due to the uncertainty in the resonance's mass. These correspond to our predictions for the amplitudes for a resonance whose mass is set to the upper and lower limits, and to the central value, of the experimentally determined mass. For states as yet unseen in the analyses of the data, we have adopted a 'standard' uncertainty in the mass of 150 MeV and used the model predictions for the state's mass as the central value.
By examining the tables one can see the significant mass dependence in some of the decay amplitudes. One example is the Nρ decay of the N(1520)D 13 (Table II) . At its central mass value, the amplitude for this decay is 2.5 MeV Ref. [9] based on the (small) Nπ amplitudes of these model states was at best tentative.
All of the ∆(1600)π and N(1440)π amplitudes for these states are small, the largest corresponding to a width of about 16 MeV. Thus we do not show tables for these channels in this sector. This result implies little hope of discovering missing baryon resonances in either of these two channels. We note, however, that the small amplitudes in the N(1440)π channel are in contradiction with some large amplitudes reported in Ref. [19] , and may point to possible shortcomings in the model. In particular, all of our predictions, but especially the couplings to broad final states like Roper π, may be modified by the inclusion of decaychannel-coupling effects in the spectrum and wavefunctions, which we plan to address in a later study.
In the Nη, Nη ′ and Nω channels, there are not many extracted amplitudes published.
Our prediction for the S 11 (1535) is compatible with the measured amplitude, but that for its heavier counterpart S 11 (1650) is too large. Note, however, that there is recent controversy about existing analyses of the Nη final-state [26] . Most states in this sector have little or no phase space for decays to these three channels, so it is not surprising to find small amplitudes. which couple strongly to Nω, and slightly less strongly to Nη. This suggests that these channels offer good opportunities for the discovery or confirmation of these states; they should therefore be seen in the experiments proposed in Refs. [3] [4] [5] .
B. ∆ Resonances in the N ≤ 2 Bands
The magnitudes and signs of most ∆π and Nρ amplitudes are well reproduced in this sector (see Tables III and IV states in the N = 2 band in the nonrelativistic quark model, and one of these three states would have to be reassigned to the N = 4 band, for which it is significantly too light.
As is the case with the nucleons in these bands, the couplings of the ∆'s to the ∆(1600)π and N(1440)π channels are all small, with the largest partial width into one of these channels being around 16 MeV.
The number of widths extracted from the data with which we can compare our model diminishes significantly as we increase the masses of the baryon resonances we consider, and this begins to be apparent in this band. There are few extracted widths for these nucleons in the ∆π and Nρ channels (Table VI) and none in the Nη, Nη ′ and Nω channels (Table V) .
In the ∆π and Nρ channels, the agreement of the model with the partial-wave analysis of Many of the as-yet-unseen states couple strongly to the ∆π and Nρ channels (Table VI) .
The most noticeable of these is the predicted state [N In the Nη, Nη ′ and Nω channels (Table V) In this sector, there is general agreement between our model and the partial-wave analyses in the ∆π channel (Table VIII) , although there are few extracted widths with which to compare. However, the Nρ couplings (Table IX) of S 31 (1900) are not well reproduced.
Most of the states in this sector may be classified as undiscovered, and most of these have sizeable partial widths in the ∆π and Nρ channels. These channels should, therefore, allow for the discovery of many new baryon states. In the ∆(1600)π channel (Table X) , only the [∆ Very few of this group of states predicted by the quark model have been seen; our results (Table XII) indicate that many of these states should be discovered in the ∆π and Nρ channels. Partial widths into the Nη, Nη ′ and Nω channels (Table XI) (Table XIII) ; we have assigned the lightest of these to the tentative state N 
IV. CONCLUSIONS AND OUTLOOK
Our results indicate that many of the baryon states predicted by the quark model but as yet unseen in the partial-wave analyses should appear first in analyses of decays to the Nππ channel through the ∆π and Nρ quasi-two-body channels. The rough agreement of the signs and magnitudes of our predicted amplitudes with the majority of the existing data in these channels also suggests that our predictions can act as a rough guide to the specific channel, partial wave, and mass range in which to look for these new states. The same is also true for the lighter missing and undiscovered N (I =
) states in the Nη, Nη ′ , and Nω channels. These amplitudes tend to be quite small for the higher-mass states studied here.
As mentioned above, our model tends to predict small amplitudes for the lighter (N ≤ 2)
baryons to decay to N(1440)π and ∆(1600)π. This can be traced back to the node in the radial part of the momentum-space wavefunctions of these final baryon states, which are described as radial excitations in our model. We expect that this aspect of our model, which disagrees with some of Manley and Saleski's results [19] , will be affected by including decay-channel couplings into the spectrum and wavefunctions (note that N(1440) is an exceptionally broad state in our model and in the recent analyses). We intend to address this problem in a later study. We have, however, displayed some results from our calculation for decays of heavier baryons into these final states, as in this case there can be appreciable amplitudes; it is possible that the larger amplitudes will remain large after the necessary corrections are applied. N (1990)F 17 ** 4.6 ± 1.9 a From Ref. [25] b Second P 13 found in Ref. [19] . 
TABLE II. Results for nucleons in the
∆(1950)F 37 **** +11.4 ± 0.5 11.4 ± 0.5 a First P 31 state found in Ref. [19] . b Ref. [19] Table I . 
+0.4
+3.8 2.7 Notation as in Table II . 
